Electrochemically active labeling reagents, which can react with an intact nucleic acid, are very important to develop a simple and a rapid electrochemical gene-detecting system. 1 For example, an osmate complex was known to react with thymine (T) base of DNA and recent works have demonstrated that the electrochemical gene detection could be achieved by using the redox activity of the osmate complex-modified DNA.
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For example, an osmate complex was known to react with thymine (T) base of DNA and recent works have demonstrated that the electrochemical gene detection could be achieved by using the redox activity of the osmate complex-modified DNA. 2 Watersoluble carbodiimide was also known to react with an imino moiety of T or guanine (G) bases. [3] [4] [5] [6] Recently, we synthesized ferrocenylcarbodiimide (1) having carbodiimide and ferrocene parts (Fig. 1) . 7 Under optimal reaction conditions, 1 could react with T, uracil (U), or G base of single stranded DNA or RNA effectively and the ferrocene-modified nucleic acid thus obtained could be detected electrochemically. 7 We also succeeded in the direct modification of mRNA by 1 and the expressed mRNA could be detected electrochemically coupled with a selected DNA probe-modified electrode. 8 These results suggested that 1 is suitable for a convenient redox-active labeling reagent for nucleic acids. Although it was reported that the carbodiimide reacts with an unpaired T or G base on DNA duplex, [3] [4] [5] [6] analytical application of the carbodiimide for a single mismatched base on the DNA duplex was limited over a decade. Recent demands for a new method to detect the single mismatched DNA duplex connected with analysis of single nucleotide polymorphisms (SNPs) led us to study the reaction of 1 with DNA duplex having single mismatched T or G bases.
In this research, we studied the reaction of 1 with synthetic DNA duplex having single mismatched bases from the viewpoint of creating the redox-labeling reagent and the electrochemical detection of the mismatched base on DNA duplex. Figure 1 shows the expected reaction scheme of 1 with mismatched DNA duplex. The DNA sequence of G188E mutation (188Gly → Glu conversion or 818G → A transition) of exon 5 in lipoprotein lipase (LPL) gene [9] [10] [11] was focused, and a corresponding 30-meric DNA duplex around this site was selected. DNA duplexes with three different mismatched base combinations (DS2-DS4) and a fully matched one (DS1) were constructed as shown in Table 1 . Thus the detection of heterozygous mutation will be accomplished by the labeling of G-T mismatch with 1 on the DNA duplex (DS2), where the G-T mismatched DNA duplex is one of the possible combinations of four DNA strands of the heterozygous DNA duplex. 
Materials and Methods

Chemicals
Ferrocenylcarbodiimdie 1 was synthesized according to a previously described route. 7 Synthetic DNAs, whose sequences are listed in Table 1 , and thiolated DNA, 5′-HS-(CH2)6-CTC TGG TGA ATG CG-3′, were custom-synthesized by Genenet Co. (Fukuoka, Japan). Milli-Q water was used throughout (Millipore, Billerica, MA, USA). Buffer 20 × SSC (0.3 M sodium citrate containing 3 M NaCl) was purchased from Wako Chemicals Inc. (Osaka, Japan). Buffer for the reaction of 1 with DNA was prepared as 50 mM NaH2BO3/NaOH buffer (pH 8.5) and was used after dilution. A KH2PO4/K2HPO4 buffer (100 mM, pH 7.0) containing 1 M NaClO4 was used after dilution in each electrochemical or spectrophotometric measurement, and 0.1 M triethylammonium acetate (TEAA) buffer (pH 7.0) was used as an eluent in high-performance liquid chromatography (HPLC).
Apparatus and analysis
The HPLC system used for the identification and purification of the ferrocenylated oligonucleotides (upper parts of DS5 -DS9 in Table 1 ) was composed of the following components: a Hitachi C-7300 column oven, an L-7450H diode array detector, an L-7100 pump and a D-7000 interface chromatograph. Reversed-phase HPLC was run using a Lichrospher RP-18 (Cica-Merck, Kanto Chemicals Co., Tokyo, Japan) column with the gradient conditions, where the acetonitrile (CH3CN) content in 0.1 M TEAA buffer (pH 7.0) was linearly changed from 10 to 40% over 30 min at a flow rate of 1.0 ml/min with detection at 260 nm.
Ferrocenylated oligonucleotides modified with 1 were characterized by matrix-assisted laser desorption ionization time-of-flight mode mass spectrometry (MALDI-TOF MS, Voyager TM Linear-SA, PerSeptive Biosystems Inc., Foster City, CA, USA) measurements of the products separated by HPLC. The products were desalted by Dowex 50WX8 cation exchange resin and dissolved in a solution of 50 mg/ml 3-hydroxypicolinic acid (3HPA) in 0.1% trifluoroacetic acid (TFA)/50% CH3CN and dried. Mass spectra were measured using the negative mode. Double stranded oligonucleotides were analyzed by micro total analysis system (μTAS) electrophoresis with a 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA) after gel-electrophoresis in the electrolyte containing a fluorescence dye. Ferrocenylated positions and numbers in the oligonucleotides were estimated by the comparison of the migration times of DS5 -DS9.
Melting curve measurements
Melting curves of DNA duplexes were measured on a Hitachi 3300 spectrophotometer equipped with an SPR 10 temperature controller. The concentration of DNAs unmodified or modified with 1 was estimated from the molar absorptivity at 260 nm, 6210 cm -1 M -1 for 1. The melting temperature was measured in a 98 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaCl. A mixture of 2.5 μM DNAs modified by 1 and 2.5 μM of their complementary DNA was placed in a cell of 1 cm in light path length (total 180 μl), and the absorbance change at 260 nm was monitored at a heating rate of 0.5˚C/min to 90˚C.
Reaction of DNA duplexes having single mismatched bases with 1
Ten microliters of a solution of 0.1 mM DS1 -DS4 in a 20 mM borate buffer (pH 8.5) were mixed with 10 μl of a solution of 100 mM 1 in 20 mM borate buffer containing 20% dimethyl sulfoxide (DMSO) at 37˚C for a specific period of time. The mixture was diluted to 1 ml with 0.1 M TEAA buffer (pH 7.0), and then loaded on a NAP-10 column (Pharmacia Sephadex G-25, Amersham Biosciences Co., Uppasala, Sweden). After the first 1 ml of the flow-through was discarded, DNA was eluted with 1.5 ml of 0.1 M TEAA buffer and lyophilized. After the addition of 30 μl of Milli-Q water, the ferrocenylated DNA duplexes were analyzed by μTAS electrophoresis with a 2100 Bioanalyzer (Agilent Technologies Inc.).
Preparation of DNA-immobilized electrode and hybridization with ferrocenylated DNA
A gold electrode of 2.0 mm 2 in area was polished with 6 and 1 μm of diamond slurry, and with 0.05 μm of alumina slurry in this order, and sonicated in Milli-Q water for 15 min. This electrode was electrochemically polished by scanning 40 times from -0.2 to 1.5 V at a scan rate of 100 mV/s in a 1 M H2SO4 aqueous solution, and sonicated in Milli-Q water for 15 min. One microliter of a 1 M NaCl solution containing 1 μM thiolated DNA was placed on a gold electrode held upside down and kept in a closed container under high humidity for 16 h at 646 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 room temperature. After washing with Milli-Q water, 1 μl of 1 mM 6-mercaptohexanol was placed on the electrode for 1 h at 45˚C. One microliter of 2 × SSC buffer containing various concentrations of DNA modified by 1 was placed on the electrode for 4 h at room temperature to allow hybridization to proceed. The electrode was kept in 10 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaClO4, and the Osteryoung square wave voltammetry (SWV) was measured with an ALS Model 900 electrochemical analyzer (CH Instrument Inc., Austin, TX, USA).
Electrochemical measurement
Electrochemical measurements were made on an ALS electrochemical analyzer Model 900. The SWV method was used in the experiments for DNA-immobilized electrodes after hybridization with an amplitude of 50 mV, an applied potential of 10 mV, and a frequency of 10 Hz. The electrolyte used was 10 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaClO4, since it is known that a stable redox reaction of ferrocene occurs in this buffer. 7 The cell was furnished with three electrodes: Ag/AgCl as a reference electrode, Pt wire as a counter electrode, and DNA-immobilized electrode as a working electrode. All measurements were conducted at room temperature, where the double stranded structure of DNA duplexes used is stable on the working electrode.
Results and Discussion
Thermal stability of synthetic DNA duplexes carrying single mismatched bases
As a first step, melting temperature (Tm) curves of DS1 -DS4 were measured in 98 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaCl. Figure 2 shows the Tm curves of each DNA duplexes and Table 1 gives the calculated Tm values of these DNA duplexes. The Tm of DS1 was found to be 79.2˚C and those of DS2 -DS4 were 75.1, 75.1, and 76.0˚C, respectively. Introduction of one mismatched base per DNA duplex caused the duplex destabilization of around 4 -5˚C in Tm value. Nonetheless, judging from the melting curves, DS1 -DS4 form stable DNA duplex structures at 37˚C under these conditions.
Electrophoretic migration of the 1-modified DNA duplexes
To estimate the position and number of the modification site of DNA duplex by 1, we separately prepared a 30-meric DNA duplex modified by one and/or two molecules of 1 at the desired position. Thus, we synthesized a 30-meric single stranded DNA carrying one or two T at a proper position and treated it with 1 to give the 30-meric single stranded DNA modified by one and/or two molecules of 1 at the desired position. These ferroncenemodified single stranded DNAs were purified by HPLC and identified by MALDI-TOF MS. The 30-meric DNA duplexes, DS5 -DS9, modified by one and/or two molecules of 1 at the desired position could be prepared after hybridization of the single stranded DNAs with their complementary 30-meric DNAs.
Figure 3(A) shows the individual electrophoreograms of μTAS electrophoresis of 1 μM DS5 -DS9. Unmodified 30-meric DNA duplex DS5 showed a peak at u = 4.3 s (u refers to the migration time) and the same migration time was observed for the DNA duplex with the same DNA length (data not shown). DNA duplexes DS6 and DS7 modified by one molecule of 1 showed the peaks at u = 5.8 and 7.2 s, respectively. DNA duplexes DS8 and DS9 modified by two molecules of 1 showed the peaks at u = 8.8 and 10.3 s, respectively. These results suggested that the modification of DNA duplex by 1 retarded the migration time and that the retardation efficiency differed according to the position and number of the reacted 1 on DNA duplex. Furthermore, the ratios of these peak areas varied in the following orders: DS5 (unmodified DNA duplex) > DS7 and DS9 (terminal modified one) > DS6 (central modified one) > DS8 (central and terminal modified one). Since the amount of the loading sample was constant, this difference should be driven from the difference in the stain efficacy of the fluorescence intercalating dye.
The staining efficiencies estimated from the peak areas for DS5, DS6, DS7, DS8, and DS9 were 1.00, 0.43, 0.76, 0.33 and 0.68, respectively. This is reasonable considering the decreasing affinity of the dye around 1-modified sites. We assumed the staining efficiency by 647 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 calculating the reactivity of 1 at the desired position (described below). Figure 3(B) shows the electrophoreograms of an equivalent mixture of 1 μM DS5 -DS9. In this case, the intensities of these peaks were similar to those in the case of Fig. 3(A) .
Reactivity of 1 to synthetic DNA duplexes carrying single mismatched bases
The reaction was conducted at 37˚C by shaking each solution of 0.10 mM DS1 -DS4 with 100 mM of 1 in 20 mM borate buffer (pH 8.5), 1 mM EDTA and 0.10 M NaCl containing 20% DMSO. Figure 4 shows the electrophoreograms of the reaction mixtures of DS1 or DS4 with 1 after 24 h. Before the reaction with 1, the mismatched DNA duplex of DS2 -DS4 showed the same migration time of 4.3 s as that of fully matched DNA duplex of DS1 (Fig. 4a) . Two new peaks were observed at u = 7.2 and 10.3 s for modified DS1, in addition to the peak at u = 4.3 s that was assigned to DS1, fully matched DNA duplex, as shown in Figs. 4a and 4b. These new peaks were assumed to be DNA duplexes modified by one or two molecules of 1 at their termini from a comparison of the electrophoreograms of 1-modified DNA duplexes carrying a structure similar to that of DS7 and DS9, where the 30-meric DNA duplex was modified by 1 at the same terminal position(s) as that of DS1 (Table 1 and Fig. 3 ). This result shows that the termini of DNA duplex are labile enough to undergo reaction with 1 under the conditions adopted here. On the other hand, in the case of DS4 carrying T-C mismatched bases, two peaks at u = 5.8 and 8.8 s were observed in addition to other three peaks (Fig. 4c) . The former two peaks were assumed to be the DNA duplex modified by 1 at the mismatched site and further at the terminus, and the other peaks were identified as DS4 alone and DS4 carrying one or two molecule(s) of 1 at its termini from a comparison of the electrophoreograms of the 1-modified DNA duplexes separately synthesized (Table 1 and Fig. 3) . Finally, DS2 -DS4 carrying mismatched base were allowed to react with 1. In the case of DS1, only the terminal adducts were obtained.
Quantification of the reactivity was carried out by the comparison of the relative peak areas under the electrophoreogram, as shown in Fig. 4 . The reactivity for the mismatched site was calculated as the area of two peaks at u = 5.8 and 8.8 s per all peak area after normalization of each peak area in consideration of the staining efficiency of the individual peak. Figure 5 summarizes the time dependence of the reactivity of 1 with DS1 -DS4, showing that 1 can react with the mismatched T or G base on the DNA duplex. However, the reactivity toward DS2 -DS4 decreased in the following order: DS4 > DS3 > DS2. The order of this reactivity is in good agreement with the reversed order of the stability of the hydrogen bond in the mismatched base pair. 12, 13 Electrochemical detection of synthetic DNA duplex carrying single mismatched base
In the next step, we tried to detect the 1-modified DNA duplex with the mismatched base electrochemically. Figure 6A shows the principle of this detection system. First, the sample DNA duplex carrying a mismatched base was treated with 1 in 20 mM borate buffer (pH 8.5), 1 mM EDTA and 0.10 M NaCl containing 20% DMSO at 37˚C for 16 h. When the DNA duplex has T or G mismatched base, 1 can react with this site and also with a T or G base at the terminus of this DNA duplex. DNA probes were designed so as to locate the modified 1 on the mismatched DNA duplex near the electrode as shown in Fig.  6 (A) (compare DS1 and DS4). Thus, a DNA probe carrying the sequence of 5′-CTC TGG TGA ATG CG-3′ was immobilized on the electrode through the gold-sulfur linkage, following the previous paper. 7, 8 SWV of the DNA probe-immobilized electrode was measured in 10 mM phosphate buffer (pH 7.0) containing 0.10 M NaClO4 at room temperature after hybridization with DS1 or DS4 modified by 1. A larger peak was reproducibly observed for DS4 as shown in Figs. 6B and 6C, showing that 1-labeled mismatched DNA duplex can be detected electrochemically by hybridization with the selected DNA probe-immobilized electrode. The larger current signal with DS4 might be driven from an effective electron transfer from the ferrocene moiety attached to the mismatched site to the electrode, as shown in Fig. 6 (A) and as expected from the previous papers. 14,15
Conclusions
Ferrocenylcarbodiimide 1 could react with T and/or G of the mismatched site and relative unstable duplex region at the terminus of DNA duplex. Although the reactivity of 1 for the mismatched bases on the DNA duplex was not controlled yet, this result showed that 1 can be used as the labeling reagent of 648 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 unstable T or G base on the DNA duplex. With the combination of DNA probe-immobilized electrode, electrochemical detection of the mismatched base on DNA duplex was achieved after being treated with 1. Although further optimization is required in this system, electrochemical labeling reagent 1 has a high potential for use as an electrochemical SNPs detection method, especially for heterozygous SNPs, which are a mixture of two alleles carrying different SNP types and are associated with common diseases. 
